Background: Although the immaturity of Toll-like receptor 2 (TLR2) and Toll-like receptor 4 (TLR4) at birth in preterm newborns is known, their development during the first few months of life remains unclear. Methods: Blood monocytes of preterm newborns (gestational age: 24-36 wk) were obtained every 2 wk when possible in order to perform serial measurements of TLR2 and TLR4 surface expression, as well as lipopolysaccharide (LPS)-induced cytokine production. Measurements using monocytes from term newborns and adults were also performed. results: The monocytes of preterm newborns obtained at birth displayed reduced surface expression of TLR2 and TLR4, and diminished responses of tumor necrosis factor-α (TNF-α) and interleukin (IL)-8 to LPS stimulation. Regardless of gestational age, monocyte expression of TLR2 and TLR4 in preterm newborns increased rapidly within the first 2 wk after birth, quickly reaching those of term newborns. These increases continued for the following 4-6 wk, although the increase began to plateau. By contrast, LPS-induced production of TNF-α and IL-8 did not elevate over this period in preterm newborns. conclusion: The blood monocytes of preterm newborns display rapid increase in TLR2 and TLR4 expression during the first few months of life, whereas LPS-induced cytokine production functionality did not improve in parallel.
P
reterm newborns are known to be highly vulnerable to bacterial infection during the first few months after birth (1, 2) . The high susceptibility to bacterial infection in these neonates has been attributed mainly to the immaturity of their innate immune system, including their Toll-like receptors (TLRs) (3) (4) (5) . TLRs, a family of pathogen-recognition receptors that recognize the highly conserved and essential molecular structures of microbes, are known to play an important role in innate immunity in response to bacterial infection (6, 7) . Among TLR members, TLR2 and TLR4 are the cell-surface receptors that recognize cell wall components of Gram-positive and Gramnegative bacteria, respectively (6, 7) . Stimulation of TLRs by ligands of microbial origin results in activation of a wide array of signaling pathways, leading to various responses that are important to both inflammation and the induction of adaptive immunity (6, 7) . Therefore, it seems likely that the immaturity of the TLRs is closely associated with the high risk of sepsis in preterm newborns (1, 5) .
Clinical (8) (9) (10) (11) (12) and animal studies (13) (14) (15) indeed have shown reduced expression of TLR2 and TLR4, as well as diminished function in cytokine production induced by their agonists at birth, in preterm newborns. However, deficiencies in the TLR system at birth do not necessarily mean that it does not improve during the early postnatal period. For this reason, much attention has been paid recently to the postnatal development of TLRs. Some studies have investigated the changes in cytokine responses of monocytes to TLR agonists during the first year after birth (16) (17) (18) (19) , whereas others have focused on the changes that occur in the few years after birth (2, 16, 20, 21) in neonates. However, these studies were performed mainly, if not entirely, using data from full-term newborns. Accordingly, our knowledge is limited regarding the development of TLRs during the first few months after birth in preterm newborns, the most critical period for sepsis in this group.
The aim of this study was to investigate the development of TLR2 and TLR4 expression and to assess the functionality of lipopolysaccharide (LPS)-induced cytokine production by blood monocytes of preterm newborns during the first few months after birth. To accomplish these objectives, monocytes were collected every 2 wk after birth whenever possible to allow serial measurements using the same study cohort. Table 1 shows the clinical characteristics of the three study groups. As shown, the mean gestational age, birth body weight, first-minute Apgar score, fifth-minute Apgar score, and sex ratio of the preterm newborns (n = 62) were all significantly different from those of the healthy full-term neonates (n = 93). The cell counts for total leukocytes, neutrophils, lymphocytes, and monocytes in the preterm group did not significantly Articles Shen et al.
RESULTS

Subject Characteristics
differ from those of the full-term group. In addition, the cell counts in both newborn groups were higher than those in the adult group (Table 1) , a result that is similar to that reported by other investigators (22) . Furthermore, there was no significant difference in C-reactive protein among the three study groups ( Table 1) . Among the subjects, blood monocytes from 32 preterm newborns, 71 full-term neonates, and 17 adults were used to measure the expression of surface protein and mRNA of TLRs, whereas blood monocytes from 30 preterm newborns and 22 full-term neonates were used to measure LPS-induced cytokine production.
Reduced Surface Expression of Monocyte TLR2 and TLR4 in Preterm Newborns Immediately After Birth
Measurements using flow cytometry revealed that the surface expression of monocyte TLR2 and TLR4 in the preterm newborns (n = 32) was significantly lower than that of fullterm newborns (n = 71) and adults (n = 17). Furthermore, the TLR2 or TLR4 expression levels in the latter two groups did not significantly differ (Figure 1a) . By contrast to the situation of surface protein expression, the mRNA levels of monocyte TLR2 and/or TLR4 in the preterm newborns were significantly higher than those of full-term newborns and adults (Figure 1b) . Further analysis revealed that the levels of the surface expression of TLR2 (Figure 1c ) and of TLR4 (Figure 1d ) were positively correlated (P < 0.05) with the gestational ages of the preterm newborns.
Postnatal Development of Monocyte TLR2 and TLR4 Expression in Preterm Newborns
Serial samples of peripheral blood were taken every 2 wk in 9 of the 32 preterm newborns (gestational age: 29.2 ± 2.1 wk; range: Figure 2 shows representative data of flow cytometric analysis from one preterm newborn (gestational age: 26 wk), which demonstrates a rapid increase in the percentage of TLR2-positive and TLR4-positive monocytes within the first 2 wk after birth. Regardless of gestational age, this rapid postnatal development of monocyte TLR2 and TLR4 expression was observed in each of the nine preterm newborns ( Figure 3) . As a group (n = 9), the percentages of TLR2-positive and TLR4-positive monocytes impressively increased from their baselines of 60.5 ± 14.1% (TLR2) and 58.3 ± 15.0% (TLR4) to levels of 84.9 ± 8.4% (TLR2) and 82.4 ± 9.4% (TLR4) within the first 2 wk after birth. At this time point, the TLR2 and TLR4 expression levels were not significantly different from those of full-term newborns (TLR2: 91.7 ± 7.7%; TLR4: 86.0 ± 9.0%; n = 71) but were still significantly different from those of adults (TLR2: 97.1 ± 2.0%; TLR4: 89.3 ± 7.1%; n = 17). This increase in the percentage of TLR2-and TLR4-positive monocytes continued at 4 and 6 wk after birth, although the increase began to plateau (Figure 3 ).
Diminished Monocyte Function of LPS-Induced Cytokine Production in Preterm Newborns Immediately After Birth
Cord blood monocytes were isolated immediately after birth from preterm newborns (n = 30; gestational age: 30.3 ± 3.5 wk; range: 24-36 wk) and from full-term newborns (n = 22; gestational age: 38.9 ± 0.7 wk; range: 38-40 wk). It was found that the increases in production of tumor necrosis factor-α (TNF-α) and interleukin (IL)-8 after LPS induction by monocytes collected immediately after birth in preterm newborns (0 d culturing) were significantly lower than those of full-term newborns ( Figure 4 ) and were positively correlated (P < 0.05) with gestational age ( Figure 5 ). This hyposecretion of TNF-α and IL-8 was also observable in monocytes of preterm newborns after 3 and 5 d of culturing (Figure 4 ).
Postnatal Development of Monocyte Function of LPS-Induced Cytokine Production in Preterm Newborns
Serial samples of peripheral blood were taken every 2 wk in 15 of the 30 preterm newborns (gestational age: 28.3 ± 2.9 wk; range: 24-32 wk) when routine blood tests were required. It was found that the LPS-induced production of TNF-α and IL-8 did not significantly change over a period that lasted up to 8 wk after birth (Figure 6 ). 74.28%; TLR4: 69.82%). Monocytes were identified by additional staining with anti-CD14 monoclonal antibody. Cells were stained with an isotype antibody (PE-or fluorescein isothiocyanate-labeled mouse immunoglobulin G2a). Note that the expression increased rapidly during the 2 wk after birth. PE, phycoerythrin; TLR, Toll-like receptor. Figure 1a . The preterm newborns have an average gestational age of 29.6 ± 2.3 wk (n = 9). Note that regardless of gestational age, the expression in preterm newborns was low at birth but rapidly increased to reach the mean levels of full-term newborns within 2 wk after birth. TLR, Toll-like receptor. Articles Shen et al.
DISCUSSION
This study reports three major findings. First, our results show that the blood monocytes of preterm newborns obtained at birth displayed reduced surface expression of TLR2 and TLR4 and diminished response to LPS stimulation with respect to TNF-α and IL-8 (Figures 1 and 4) . Second, we demonstrate for the first time that, regardless of gestational age, the monocyte surface expression of TLR2 and TLR4 in preterm newborns increases rapidly within the first few weeks after birth to reach levels that are close to those of full-term newborns and adults (Figure 3) . Third, in contrast to the rapid development of TLR2 and TLR4 expression, the LPS-induced production of TNF-α and IL-8 by the monocyctes of these neonates does not elevate significantly over this early postnatal period (Figure 6 ). Our first major finding is in line with previous reports (8) (9) (10) (11) (12) (13) (14) (15) regarding the immaturity of TLR2 and TLR4 at birth. In fact, this concept of immaturity of the TLR system has been frequently used to explain the high susceptibility of preterm newborns to bacterial infection (3) (4) (5) . We also found that, unlike the situation of surface protein expression, the mRNA expression of monocyte TLR2 and TLR4 in the preterm newborns was not reduced. Previous studies have reported that an increase in monocyte expression of TLR mRNA does not necessarily lead to a corresponding increase in TLR proteins (23) . Therefore, our data suggest that the reduced surface expression of TLR2 and TLR4 may be due to defects in the posttranscriptional and/or posttranslational regulation (24, 25) . To this end, it is known that both the internal and external environments of these neonates undergo dramatic changes immediately after birth (26) . Therefore, the speed of maturation of the TLR system during the first few months after birth in preterm newborns is critical to the development of their innate host defenses against bacterial infection. In agreement with this, Yerkovich et al. (16) found a reduction in the responses to LPS stimulation with respect to TNF-α, IL-6, and IL-10 by blood monocytes collected at birth as compared with those collected at 2 mo after birth in two groups of newborns. Furthermore, Nguyen et al. (18) compared the agonist responses of TLR4 or TLR9 produced by monocytes and dendritic cells among different age groups (0-, 3-, 6-, 9-, and 12-mo-old infants) of infants and found that the production of several cytokines displayed an age-dependent upregulation, whereas production of others reduced over time. Burl et al. (19) investigated the 
Postnatal development of TLR in preterms
Articles response of monocytes to TLR1-9 agonists in terms of various cytokines using eight groups of neonates of different ages; they found that each cytokine studied demonstrated a distinct agedependent profile in response to each TLR agonist during the first year of life. Because these studies were performed mainly, if not entirely, using full-term neonates, the generalizability of these observations to the population of preterm newborns is limited. In addition, no study has focused on the maturation of TLR expression during the early postnatal period in preterm newborns. Therefore, the existing information does not allow us to understand this important issue, which is whether the TLR system in preterm newborns is able to develop to an adequate level over the first few months after birth.
Our second and third major findings suggest that the blood monocytes of preterm newborns display a rapid increase in TLR2 and TLR4 surface expression during the first few weeks of life, whereas their response in terms of LPS-induced cytokine production does not improve. Therefore, it appears that the neonate monocytes have sufficient expression of TLR2 and TLR4 to respond to bacterial insult during this early postnatal period, but they remain immature with respect to LPS-induced cytokine production functionality. The exact mechanism by which this dissociation between the postnatal development of TLR expression and cytokine production functionality occurs remains unclear. A similar situation is found when monocytes are collected from full-term neonates at birth; these display a normal level of TLR4 expression, but they also show reduced cytokine responses to LPS, as compared with monocytes from adults (5, 9, 17, 27, 28) . One possible explanation of this situation is that certain inhibitory molecules, such as adenosine that is present in the plasma, may suppress the LPS-induced cytokine responses of monocytes in these neonates (4, 29) . However, this possibility is unlikely to be the case in our study because the monocytes remained hyporesponsive with respect to LPS-induced TNF-α and IL-8 production after 3 or even 5 d of culture (Figure 4) . The other possibility is that the hyporesponsiveness of monocytes to LPS is a result of impaired TLR signaling, which may result from a reduced expression of various regulatory proteins including CD14 and the myeloid differentiation antigen 88 (5, 6, 9, 27) . In support of this, it has been found that monocytes collected at birth from preterm newborns indeed do display reduced expression of myeloid differentiation antigen 88 and deficiency in TLR-mediated signaling (5). Whether these regulatory proteins and TLR signaling remain undeveloped over the first few months after birth in preterm newborns will be the subject of future studies. It is also worth noting that premature newborns with early-onset sepsis display high plasma levels of certain cytokines such as IL-6 and IL-8, which possess diagnostic values (30, 31) . This observation seems to contradict our finding regarding reduced cytokine responses of monocytes to LPS in vitro. The discrepancy can be explained by the fact that the plasma cytokines in these newborns also encompass contributions from other blood cells (12, 32) and other tissues (31) .
Furthermore, we have shown that the level of expression of TLR2 (Figure 2b ) and TLR4 (Figure 2c ) by monocytes and the LPS-induced increases in TNF-α and IL-8 production by monocytes ( Figure 5 ) are positively correlated with the gestational age of preterm newborns. These results are generally in agreement with the observations from previous reports (5, 10, 11) . It is interesting to note that the correlations regarding TLR2 and TLR4 expression are superior to those regarding LPS-induced cytokine production. Moreover, this appears to support the dissociation of the development of TLR expression from that of cytokine production functionality, except for the fact that the changes occur during the gestational period. It is also intriguing to note that the speed of the increase in TLR2 and TLR4 expression over the gestational period (Figure 1) seems to be slower than over the early postnatal period (Figure  3) . This rapid increase in TLR2 and TLR4 expression during the first few months after birth is likely to be a result of both the removal of endogenous inhibitory factors and the acquisition of exogenous stimulatory factors (4). . Series measurements of lipopolysaccharide (LPS)-induced cytokine production from blood monocytes in preterm newborns. Blood monocytes were obtained every 2 wk after birth for up to 8 wk, cultured in cell medium, and immediately stimulated with LPS. Concentrations of (a) TNF-α and (b) IL-8 in the cell culture supernatants 24 h after LPS stimulation were measured by enzyme-linked immunosorbent assay. The initial case number was 15 preterm newborns, who had an average gestational age of 28.3 ± 2.9 wk. Each dot indicates data from one case, and the horizontal bars indicate mean values of the group. Note that, unlike the rapid increase in the expression of TRL2 and TLR4, the LPS-induced cytokine production did not improve during the 10-wk postnatal period. IL, interleukin; TLR, Toll-like receptor; TNF, tumor necrosis factor. Articles Shen et al.
In this study, the strength of the serial measurements of TLR expression and cytokine production is that we could follow the developmental progress over the study period in the same but separate cohorts of preterm newborns. However, due to ethical limitations, we could obtain blood monocytes only when blood sampling was required based on clinical considerations. As a consequence of this limitation, the number of measurements carried out on our subjects varied. A second limitation is that, under the institutional review board guidance, our regular interval of blood sampling was every 2 wk. For this reason, we could not perform series measurements at shorter intervals. A third limitation is that we were unable to study the cytokine responses to the TLR2 agonist because insufficient blood cells were collected from the preterm newborns in this study.
In conclusion, regardless gestational age, the monocytes of preterm newborns rapidly develop the surface expression of TRL2 and TLR4 during the first few months of life, whereas their LPS-induced cytokine production functionality remains immature. The current findings are important to our understanding of how the innate immune system of these newborns changes during this early postnatal period and how it responds to a bacterial infection.
METHODS
Study Populations
The study was approved by the institutional review board of Cathay General Hospital (institutional review board approval number: CT9855), and informed consent was obtained from the adult subjects and the parents of the newborns. Three study populations consisting of 62 preterm newborns, 93 healthy full-term newborns, and 17 adult healthy volunteers were included in this study. The neonates enrolled for the studies of TLR expression and LPS-induced cytokine production were admitted to the Cathay General Hospital, Taipei, Taiwan, during separate periods, 2006-2008 and 2009-2010 , respectively. The exclusion criteria for the enrollment of neonates were (i) neonates who displayed evidence of major congenital malformations, (ii) neonates who had received immunotherapy, and (iii) neonates whose mothers had an infection before delivery. The neonates included in the current study were delivered spontaneously or by cesarean section without a history of infection during the mother's pregnancy or any clinical signs of infection at delivery. Preterm newborns were checked for infection by standard laboratory diagnosis and by placenta histology to rule out chorioamnionitis. Histological chorioamnionitis was defined as diffuse infiltration or aggregation of polymorphonuclear leukocytes in at least one high-power field of the chorioamnion plate (33) . Newborns with any positive pathological result were excluded. During the postnatal period, the peripheral blood of the preterm infants was collected every 2 wk when a routine blood test was required.
Blood Samples
The cord blood of all infants was obtained from the placental side of the umbilical vein immediately (sooner than 5 min) after delivery of the placenta. The peripheral blood of the preterm infants during the postnatal stage was obtained from the radial artery. The peripheral blood of the adults was obtained from the cephalic vein. The blood samples were collected in heparinized syringes and processed within 2 h after collection. Specifically, the heparinized blood was layered onto a Ficoll-Hypaque gradient, and the peripheral blood mononuclear cell layer was collected. The peripheral blood mononuclear cell solution was subjected to hypotonic lysis to remove any red blood cells that might be present and was then washed three times with phosphate-buffered saline buffer without magnesium or calcium; this was followed by resuspension in 2% bovine serum albumin solution.
Immunofluorescence Staining
Surface staining of TLR2 and TLR4 was carried out by a method described previously (34) . Briefly, 50-μl peripheral blood mononuclear cell solution was incubated with either 10-μl antihuman TLR2 monoclonal antibody (0.05 mg/ml, phycoerythrin-labeled, clone TL2.1; eBioscience, San Diego, CA) or 10-μl antihuman TLR4 monoclonal antibody (0.1 mg/ml, phycoerythrin-labeled, clone HTA125; eBioscience). To detect monocytes, the cells were additionally stained with anti-CD14 monoclonal antibody (25 mg/ml fluorescein isothiocyanate; Becton Dickinson, San Jose, CA). Control cells were stained with an isotype antibody (phycoerythrin or fluorescein isothiocyanate-labeled mouse immunoglobulin G2a; Becton Dickinson). The cells were incubated on ice for 30 min and subsequently washed with phosphate-buffered saline buffer twice. In the analysis of flow cytometry (FACScan; Becton Dickinson), the CD14-positive monocytes were gated to separate them from other cell populations (e.g., lymphocytes and granulocytes) based on cell size and granularity (35) . The purity of monocytes (>99%) in the gated CD14-positive cells was evaluated by fluorescent staining with monoclonal antibodies of cell markers for other cell types and fluorescence-activated cell sorting analysis. The expression of TLR2 and TLR4 on the gated CD14-positive monocytes was then measured by flow cytometry, which analyzed 4 × 10 6 cells/ml. In the dot plot of the flow cytometric analysis, events accumulated in the upper right quadrant of the panel are considered to represent CD14-positive cells (monocytes) with surface expression of either TLR2 or TLR4. For each analysis of the expression of TLR2 or TLR4, the quadrant of the plot was set based on the nonspecific staining plot using isotype immunoglobulin G.
RNA Isolation and Real-Time PCR
Total RNA was isolated from the blood monocytes using an RNeasy minikit (Qiagen, Valencia, CA), as described in detail previously (34) . Briefly, the isolated RNA was reverse-transcribed to cDNA using SuperScript First-Strand (Invitrogen, Carlsbad, CA). Quantitative real-time PCR was conducted for TLR2 and TLR4 with glyceraldehyde-3-phosphate dehydrogenase being used as an internal control. The TLR2, TLR4, and glyceraldehyde-3-phosphate dehydrogenase primers and probes were obtained from Applied Biosystems (Carlsbad, CA). The primers were for the fluorescence-labeled TAQMan probe system (FAM-MGB; Applied Biosystems). The real-time PCR amplification was performed on a RG-3000 system (Corbett, Chicago, IL). For the quantitative evaluation of gene expression, the TLR2 and TLR4 mRNA levels were normalized to the glyceraldehyde-3-phosphate dehydrogenase mRNA.
Measurements of LPS-Induced Cytokine Production
The CD14-positive cells in peripheral blood mononuclear cells were magnetically labeled with CD14 MicroBeads (Miltenyi Biotec, Auburn, CA) and were passed through LS columns according to the manufacturer's instructions (Miltenyi Biotec). The purity of monocytes (95-98%) was evaluated by fluorescent staining with CD14-phycoerythrin monoclonal antibody and fluorescence-activated cell sorting analysis. After purification, blood monocytes were immediately subjected to culturing for 0, 3, and 5 d in cell culture medium (RPMI 1640; Life Technologies, Grand Island, NY). These cells were then stimulated with 10 ng/ml of LPS (Escherichia coli O55:B5; Calbiochem, La Jolla, CA) for 24 h. Then the concentration of TNF-α and IL-8 in the cell culture supernatants was measured by commercially available enzyme-linked immunosorbent assay kits (R&D system, Minneapolis, MN). The cutoff value for IL-8 using the kit is 10-400 pg/ml with a sensitivity of <1 pg/ml. The cutoff value for TNF-αα using the kit is 25-1,000 pg/ml with a sensitivity of <5 pg/ml. Duplicate measurements were performed for each sample.
Statistical Analysis
The distributions of the data sets were analyzed by the KolmogorovSmirnov test, and then normally and nonnormally distributed data sets were compared using the unpaired Student's t-test and MannWhitney test, respectively. Data sets from three groups or more with a normal distribution were evaluated by one-way ANOVA followed by the Bonferroni's method for multiple comparisons. Linear regression was used to obtain the correlation between TLR expression or
